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Abstract
The electrification of hydrophobic surfaces is an intensely debated subject in physi-
cal chemistry. We theoretically study the ζ potential of hydrophobic surfaces for vary-
ing pH and salt concentration by solving the Poisson-Boltzmann and Stokes equations
with individual ionic adsorption affinities. Using the ionic surface affinities extracted
from the experimentally measured surface tension of the air-electrolyte interface, we
first show that the interfacial adsorption and repulsion of small inorganic ions such
as H3O
+, OH−, HCO−3 , and CO
2−
3 are irrelevant for the ζ potential observed in ex-
periments because the surface affinities of these ions are too small. Even if we take
hydrodynamic slip into account, the characteristic dependence of the ζ potential on
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pH and salt concentration cannot be reproduced. Instead, to explain the sizable exper-
imentally measured ζ potential of hydrophobic surfaces, we assume minute amounts
of impurities in the water and include the impurities’ acidic and basic reactions with
water. We find good agreement between our predictions and the reported experimental
ζ potential data of various hydrophobic surfaces. Our theory suggests that the impu-
rities consist of a mixture of weak acids (pKa = 5 to 7) and weak bases (pKb = 12) at
a concentration of the order of 10−7 M.
Introduction
The ζ potential is derived from experimentally measured electro-osmotic or electrophoretic
mobilities using the Helmholtz-Smoluchowski equation and within this simple theoretical
framework describes the electrostatic potential at the shear plane.1,2 Because the ζ potential
is an important and useful quantity for characterizing the properties of electrified surfaces,
theoretical and experimental studies of the ζ potential have been performed for over a hun-
dred years. For most metal oxides, such as silica,3 aluminium oxide,4 and titanium oxides,4
the surface charge originates from the protonation and deprotonation of the oxide surface,
and the pH determines the surface charge density by charge regulation.5 Whereas a quan-
titative description of the surface charge and the ζ potential of these metal oxides is well
developed, the surface charge of other surfaces is still poorly understood.
In particular, solid surfaces such as Teflon AF (amorphous fluoropolymer),6 carbons7–10
and boron-nitride,11 sulfide minerals,12–15 and silver halides16,17 exhibit a negative ζ potential
at neutral pH and an isoelectric point located around pH = 1 to 4.18 The contact angle of
water droplets at these surfaces approaches, or exceeds, 90◦,19,20 meaning that these surfaces
are hydrophobic. The ζ potentials of gas bubbles21–35 and oil droplets36–45 show behavior
very similar to these hydrophobic solid surfaces, suggesting that the electrification of solid,
liquid and gaseous hydrophobic surfaces is governed by a universal mechanism. The nature
of this mechanism, however, is still an open question in physics and chemistry46–49 because
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these interfaces are chemically inert, i.e. they do not have dissociable groups.
A widely used explanation for the puzzling observation of negative ζ potentials at hy-
drophobic surfaces is hydroxide ion (OH−) adsorption,42,50–54 because ideal purified water
at neutral pH includes only hydroxide ions as anions. This explanation is supported by
the potential of mean force of OH− ions on air, graphene, and boron nitride surfaces cal-
culated by ab-initio molecular dynamics simulations53–56 and by surface-sensitive molecular
spectroscopy.57 However, it contradicts experimental measurements of the surface tension
of NaOH solutions at the air interface, because the surface tension of a NaOH solution is
higher than the surface tension of a NaCl solution of the same concentration, whereas the
chloride ion (Cl−) is usually considered to be surface-inactive.58 This experimental finding
implies that OH− is more strongly repelled from the air-water interface than Cl−. The same
experiments show that H3O
+ weakly absorbs onto the air interface because most acid so-
lutions decrease the surface tension.49,58 H3O
+ adsorption is supported by MD simulations
that predict the potential of mean force on the air surface58–60 and surface-sensitive molec-
ular spectroscopy.61 Therefore, based on experimental surface tension data, if only H3O
+
and OH− are present in water, the ζ potential should be positive, which contradicts the
experimental observations. Other explanations for the negative ζ potential suggested in
the literature are polarization of the interface,62 bicarbonate adsorption,48 charge transfer
between water molecules,47,63 and impurity effects.46,49,64
Assuming a charged sphere (or capillary) with the surface potential ψ0 immersed in
an electrolyte solution, the linearized electro-hydrodynamic equations determine the elec-
trophoretic (or electro-osmotic) mobility µ as µ = (εε0ψ0/η)f(ψ0, κR, {λi}, . . . ), where ε is
the dielectric constant, ε0 is the vacuum permittivity, η is the solution viscosity, κ is the
inverse of the Debye length, R is the radius of the sphere (or capillary) and λi is the molar
conductivity of ions of type i. The function f is model-dependent, and analytical expressions
are known only for limiting cases. For solid particles, f = 1 for the planar limit κR → ∞,
corresponding to the Helmholtz-Smoluchowski formula,65 while f = 2/3 for the point limit
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κR → 0, which is the Hückel formula.66 For arbitrary κR and ψ0, f can be calculated nu-
merically.67,68 Note that the electrophoretic and electro-osmotic mobilities depend on the
viscous properties of the interfacial layer, which is of particular importance for gas bubbles
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Figure 1: Collection of experimental ζ potentials of (a) metal oxides: alumina,4 titania,4 and
silica,3 (b) hydrophobic systems: Teflon AF surfaces,6 octadecane droplets,43 and hydrogen31
and (c) air bubbles in 10 mM NaCl solution: air-1,35 air-2,35 air-3,33 and air-4,26 and (d)
hexadecane droplets in 1 mM NaCl solution: hexadecane-1 and -2,46 hexadecane-3,45 and
hexadecane-4.41 In a and b, the colors represent different bulk salt concentrations, whereas
the shapes of the symbols represent the different surface types. The broken lines are guides
to the eye. More details are given in Appendix A.
In experiments, the electrophoretic mobility is measured and converted into the surface
potential using a model-dependent mobility formula. Typically, the Helmholtz-Smoluchowski
formula is used for this. Since the Helmholtz-Smoluchowski formula neglects ion adsorption
at the surface as well as interfacial dielectric anomalies, the converted surface potential is
not identical to the real surface potential. Furthermore, surface slip and the inhomogeneity
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of the surface viscosity complicate the definition of the shear plane. Therefore, the converted
quantity is called the ζ potential instead of surface potential. In Fig. 1ab we show a collection
of experimental ζ potentials of metal oxides and different hydrophobic surfaces for different
salt concentrations as a function of pH. For metal oxides, the ζ potentials decrease as the
pH increases and exhibit isoelectric points where the ζ potential vanishes. The isoelectric
points depend on the type of metal oxide, but are almost independent of the salt concen-
tration. The ζ potentials of the hydrophobic systems corresponding to Teflon AF surfaces,
octadecane droplets and hydrogen bubbles are plotted in Fig. 1b. They all exhibit isoelec-
tric points around pH = 418 and show a similar dependence on pH and salt concentration.
Naive comparison of the data in Figs. 1a and 1b would suggest that the surface charge on
hydrophobic surfaces is similar to the one on silica, which is puzzling since silica has disso-
ciable surface groups, in contrast to the hydrophobic surfaces. In Figs. 1c and 1d, we show
a collection of experimental ζ potentials of air bubbles in a 10 mM NaCl solution26,33–35 and
hexadecane droplets in a 1 mM NaCl solution.41,45,46 Even though the materials are the same,
the experimental ζ potentials show a large spread, which implies that the electrification of
the hydrophobic surfaces is governed by an uncontrolled factor in the experiments such as
measuring techniques and protocols, methods of synthesis or purification of chemicals.
The ζ potentials of hydrophobic surfaces have been quantitatively explained by assuming
OH− adsorption.50 The fit of that model to the experimental data yields an interfacial ionic
product of the H3O
+ and OH− concentrations around 6,50 which is substantially lower than
the bulk value of 14. A simple calculation demonstrates that the surface adsorption energy of
OH− in this case equals −(14−6) ln 10×kBT = −18.4kBT (the minus sign means adsorption),
which is even larger than the adsorption energy of typical ionic surfactants and, as mentioned
above, contradicts the experimental surface tension data of bases. In fact, using experimental
surface tension data and assuming an adsorption layer thickness of 0.5 nm, we have previously
estimated the surface adsorption energy to be −15.6kBT for the surfactant dodecylsulfate,
+1.6kBT for OH
− and −0.9kBT for H3O
+, which means that OH− ions are repelled from
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and H3O
+ ions are slightly attracted to the air-water interface.72
In this paper, we propose the presence of minute quantities of basic and acidic impurities
to explain the experimental ζ potentials of hydrophobic surfaces in a way that is consistent
with the ion affinities extracted from surface tension measurements. In a previous calculation,
we have proposed acidic impurity effects,49 which reproduces the correct trend of the ζ
potential as a function of pH and salt concentration, as well as the Jones-Ray effect,72,73 the
disjoining pressure of the water wetting film on metal oxide surfaces,49,74 and other features
of the air-water interface.75–78 Here, we first demonstrate that for surface affinities that are
consistent with experimental electrolyte surface tension data, interfacial effects that involve
water ions and dissolved CO2 cannot explain the experimentally measured ζ potentials of
hydrophobic systems even if hydrodynamic slip effects are taken into account. In a second
step we introduce surface-active charged impurities in the solution and perform a detailed
analysis of their effect on the ζ potential. Finally, we study the effects of the impurity
concentration and the impurity pKa and pKb values and propose a consistent model for the
experimentally measured negative ζ potential of hydrophobic surfaces.
Model
In this section, we first introduce the governing electrostatic and hydrodynamic equations for
a planar surface. We construct a model to calculate the ζ potential of hydrophobic surfaces
including the adsorption of water ions, salt ions and charged impurities. All surface affinities
of ions are extracted from experimental surface tension data or from molecular dynamics
simulations. Finally, we compare the calculated ζ potentials to experimental data on planar
Teflon AF surfaces,6 which have the advantage that it can be assumed that ions do not
partition into the hydrophobic material. For oils, in contrast, both inorganic and organic
ions can penetrate from the aqueous phase into the oil phase,79 and ions naturally exist in
ambient air at a concentration of ∼ 103 /cm3(∼ 10−17 M).80
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Electrostatic and hydrodynamic equations
We consider an interface located at z = 0 between a hydrophobic material (z < 0) and
an electrolyte solution (z > 0). Different types of mobile ions are present in the electrolyte
solution, whereas we assume that no ions are present in the hydrophobic material. To obtain










= −ρ(z) for z > 0, (1)
where ε⊥(z) is the solution dielectric profile near the interface, ε0 is the electric permittivity
of vacuum, ψ(z) is the electrostatic potential. The right hand side of eq. 1 is the charge









where e is the elementary charge, i refers to the ion type, qi is the charge in units of e, c
b
i is
the ion bulk concentration and kBT is the thermal energy. When we apply an electric field
Ex in tangential direction to the surface, the Stokes equation for the tangential coordinate









+ ρ(z)Ex = 0, (3)
where η⊥(z) is the viscosity profile for the tangential shear flow, and ux(z) is the solution
velocity in the tangential direction.
In order to simplify the solution of eqs. 1-3, we use box profiles for the interfacial profiles
ε⊥(z), Ui(z), and η⊥(z), the parameters of which have been previously obtained by molecular
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dynamics simulation,82
ε⊥(z) = ε+ (εint − ε)θ(z − z
∗) (4)
Ui(z) = αiθ(z − z
∗) (5)
η⊥(z) = η + (ηint − η)θ(z − z
∗), (6)
where ε is the bulk dielectric constant of the solution, εint is the interfacial dielectric constant,
αi is the adsorption energy of an ion of type i, η is the bulk viscosity of the solution, ηint
is the interfacial viscosity. For simplicity, the width of the interfacial layer z∗ is assumed to
be identical for the dielectric profile, the ionic potentials of mean force, and the viscosity
profile, which is a quite realistic assumption when compared with simulation results.82 When
electrostatic interactions are neglected, the integrated surface excess of type i ions is given by
z∗(e−αi−1)cbi , which is equivalent to the linear version of the Langmuir adsorption isotherm,
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the term in front of the bulk concentration is equivalent to the adsorption coefficient.
Eq. 1 is solved with the boundary conditions dψ/dz|z=0 = 0 and ψ|z→∞ = 0, which reflect
the zero-charge condition at the surface and the absence of an electrostatic potential in bulk.
Eq. 3 is solved with the boundary conditions ux|z=0 = 0 and du/dz|z→∞ = 0, which corre-
spond to the no-slip boundary condition at the surface and the zero-shear condition in bulk.
A boundary condition with finite surface slip length is regularly used for the hydrodynamic
boundary condition at hydrophobic surfaces.84 We incorporate surface slip effects at solid
surfaces by using the no-slip boundary condition at z = 0 together with a decreased viscosity
in the interfacial layer.
In planar geometry, the electro-osmotic mobility is defined by the bulk velocity divided
by the applied electric field, µ = ux|z→∞/Ex, and the ζ potential is defined by ζ = −ηµ/εε0.












where ψ∗ = ψ|z=z∗ and ψ0 = ψ|z=0. For the case ε⊥(z) = ε and η⊥(z) = η, i.e. when there
are no interfacial dielectric and viscosity effects, the ζ potential is identical to the surface
potential, ψ0.
Parametrization of the experimental system
KCl-HCl-KOH solutions and pH effects
In the experiments on Teflon AF surfaces,6 KCl was used as the electrolyte and HCl and
KOH were used for the adjustment of the pH. Water dissociates into H3O
+ and OH− ions
according to the reaction
2H2O −−⇀↽− H3O




with the ionic product Kw = 10
−14 and the standard concentration c◦ = 1 M. In eq. 8, as
well as in the following eqs. 11, 12, and 15-18, we use the ideal-gas approximation for the




The control parameters in the experiments are the bulk hydronium ion concentration,
cbH3O, and the bulk salt concentration, c
b
salt. The hydroxide ion concentration is determined
by eq. 8, but the potassium and chloride ion concentrations are normally not equal to cbsalt
because HCl and KOH added for pH adjustment contain potassium and chloride ions. Solving
the charge balance equation, we can determine the concentrations of potassium and chloride




















salt for C < 0. (10)
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Eqs. 9 and 10 hold even when impurities and (bi)carbonate ions are present in the solution.
Acidic and basic impurities
Although ultrapure water was used in the experiments,6 we assume that trace amounts of
surface-active charged impurities are likely to be present in the water. We consider two kinds
of impurity, AH and B. AH is an acidic impurity which is deprotonated according to





= 10pH−pKa , (11)
where Ka is the acid reaction constant. B is a basic impurity which is protonated according
to




= 1014−pH−pKb , (12)
where Kb is the basic reaction constant; alternatively, the acid reaction constant pKa of the
protonated base equals 14 − pKb. The impurities are assumed to be surface-active and the












respectively, are used as the adjustable model parameters.
Dissolution of carbon dioxides
Because the Teflon AF experiments were performed using degassed ultrapure water under
nitrogen atmosphere,6 we do not need to consider the dissolution of carbon dioxide. However,
other experiments have been done in ambient air conditions,31 and therefore we also treat
the effect of CO2 dissolution. When water is in equilibrium with the ambient atmosphere,
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carbon dioxide dissolves into the water according to the reaction




where the Henry constant is given by Hcc = 0.86 and the ambient concentration of CO2 is
given by cairCO2 = 1.6 × 10
−5 M.85 The dissolved CO2 reacts with the water according to the
following reactions
CO2(aq) + H2O −−⇀↽− H2CO3(aq),
cbH2CO3
cbCO2
= KCO2 , (16)






















where the equilibrium constants are KCO2 = 2.6 × 10
−3, KH2CO3 = 1.7 × 10
−4, and KHCO3 =
4.7 × 10−11.85 The pH of water with dissolved CO2 follows as pH = 5.6 using the chemical
equilibrium eqs. 8 and 15-18, which agrees well with the experimental pH of aqueous solutions
that are in contact with ambient air.74,85
Interfacial properties
For a hydrophobic diamond surface, we have previously determined εint/z
∗ = 8.3 /nm86 and
a slip length of b = 2.1 nm (with ηint = η)
87 from molecular dynamics simulations. Fixing
z∗ = 0.5 nm, we obtain from these values εint = 4.2 and ηint/η = 0.2 (assuming vanishing
surface slip, b = 0). For Cl− and Na+, we have determined αCl = 1.0 and αNa = 1.2 by
integrating the potential of mean force obtained by molecular dynamics simulation.88 All
other αi values are determined by fitting the experimental air-water surface tension using
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the present model with εint = ε (see Appendix B where we determine the surface affinities
of carbonate ions).49,72 Regarding the interfacial viscosity, we consider ηint 6= η only in
section III.A.1 and Appendix C, and otherwise ηint = η. Since the effect of a modified
interfacial dielectric constant is not significant at small surface charge density, as shown in
Appendix D, we use εint = ε in the main text. The surface affinities for A
− and BH+ are
for concreteness taken from dodecylsulfate and dodecyldimethylammonium data, without
implying any specific identities of the impurities. The surface affinities of all ions are shown
in Table 1.






CO2−3 1.4 Appendix B
Na+ 1.2 72, 88
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In this section, we solve the model described in the last section and present the ζ potential for
varying pH and bulk salt concentration. We also investigate the effects of CO2 dissolution,
slip, and the presence of impurities. First, we solve the chemical equilibrium equations for
all ions, eqs. 8 to 18, and determine the bulk concentration of each ion type. Then, we
solve the Poisson-Boltzmann equation (eq. 1) using the analytic solutions for monovalent
ion species.81 When we consider divalent CO2−3 originating from CO2 dissolution, we employ
a numerical solution of eq. 1. To calculate the ζ potential, we do not need to solve the Stokes
equation (eq. 3), but substitute ψ0 and ψ
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Figure 2: (a) ζ potential of the hydrophobe-KCl solution interface as a function of pH
calculated with (broken lines) and without (solid lines) CO2-dissolution effects. The inset
shows a magnification. We use T = 298 K, z∗ = 0.5 nm, εint = ε = 78, ηint = η, and all αi
are summarized in table. 1. (b) Plot of the ion bulk concentrations as a function of pH for
the 0.1 mM KCl solution without CO2. (c) Plot of the ion bulk concentrations as a function
of pH for the 0.1 mM KCl solution with CO2.
In the absence of impurities
First, we calculate the ζ potential of the hydrophobe-electrolyte interface without impurities.
We demonstrate that even if we include CO2 dissolution and surface slip, the theory can-
not reproduce the experimentally measured ζ potentials. Note that we extract the surface
affinities of the ions from experimentally measured electrolyte surface tensions and thus use
a model for electrified electrolyte interfaces that is consistent with all available experimental
data.
Fig. 2a shows the ζ potential of a hydrophobe-KCl solution interface without impurities
as a function of pH. The solid lines include only the water dissociation according to eq. 1,
whereas the broken lines include CO2 dissolution according to eqs. 15-18 as well as water
dissociation. In Fig. 2bc the bulk ion concentrations are plotted as a function of pH for fixed
cbsalt = 0.1 mM with/without CO2, which follow from solving the chemical reaction eqs. 8-10
and 15-18.
Both with and without CO2 dissolution, the ζ potentials are in the range of −5 mV <
ψ0 < 10 mV, which is much smaller than the magnitude of the ζ potentials measured in
experiments. For a 0.1 mM KCl solution without CO2, the main bulk ionic components for
13
acidic conditions (pH < 4) are H3O
+ and Cl−, as shown in Fig. 2b. Because the interface
affinity of H3O
+ is more pronounced than the interface affinity of Cl−, αH3O < αCl, the ζ
potential for acidic conditions is positive. At neutral pH (4 < pH < 10), the main bulk ionic
components are K+ and Cl−, and thus, the ζ potential is slightly negative because αK > αCl.
For basic conditions (pH > 10), the main bulk ionic components are K+ and OH−. Because
αK < αOH, the ζ potential is again positive.
For a 0.1 mM KCl solution in the presence of CO2, the main ionic components vary with
pH. For pH < 4 and 4 < pH < 7, the main ionic components in bulk are the same as those
without CO2, whereas for 7 < pH < 10, K
+ and HCO−3 are the main ionic components
in bulk, and thus, the ζ potential becomes negative because αK > αHCO3 . For pH > 10,
the contribution of CO2−3 becomes important, and the ζ potential is mostly negative but
increases rapidly for very large pH.
These results suggest that in order to reproduce ζ potentials of magnitude similar to the
experimental values, which are around −50 mV, it is necessary to assume the presence of
charged components with very large surface affinities.
Effect of hydrodynamic slip
Interfacial slip, which in our model is equivalent to the presence of an interfacial layer with
a low viscosity, enhances the ζ potential. Fig. 3 shows the ζ potential of KCl solutions in
the presence of slip. We use an interfacial viscosity ηint = 0.2η in Fig. 3a and ηint = 0.05η in
Fig. 3b. The corresponding slip lengths are given by, respectively, b = z∗(η/ηint− 1) = 2 nm,
which is identical to the slip length found for hydrophobic diamond surfaces in molecular
dynamics simulations,87 and b = 9.5 nm.6 The results in Fig. 3 show that slip enhances the ζ
potential but does not change the pH dependence of the curves as long as ηint is independent
of pH. Comparing the calculated curves with the experimental data, both with and without
CO2, one sees that the pH dependence does not agree with the experimental data. In
addition, the slip length b = 9.5 nm used in Fig. 3b is very large compared to typical slip
14
lengths obtained in molecular dynamics simulations of hydrophobic surfaces.89 In Appendix
D we furthermore demonstrate that interfacial dielectric effects do not significantly modify
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Figure 3: Effect of slip on the ζ potential of the hydrophobe-KCl solution interface as a
function of pH, calculated with (broken lines) and without (solid lines) CO2. The interfacial
viscosity is set to (a) ηint/η = 0.2, corresponding to a slip length of b = z
∗(η/ηint−1) = 2 nm,
and to (b) ηint/η = 0.05, corresponding to a slip length of b = z
∗(η/ηint−1) = 9.5 nm. Other
parameters are the same as those used in Fig. 2. The symbols represent the experimental
data for Teflon AF surfaces.6
In the presence of impurities
Because the effect of slip is not sufficient to explain the pH dependence of the experimental
ζ potential, we consider the presence of impurities.46,72 Specifically, we consider the effect of
acidic and basic surface-active impurities that are present in water as well as the effect of
surface-active anionic impurities that are present in the KOH solution added for adjustment
of the pH. For simplicity we do not consider the presence of CO2 nor the effects of slip in
the remainder of the paper.
Acidic surface-active impurities in water
We use the ionic affinity for acidic impurities αA = −15.6 which is extracted from the
experimental surface tension of the interface between sodium dodecylsulfate solution and
15
air.72 Fig. 4 shows the comparison between the experimental and theoretical ζ potentials for
acidic impurity concentrations cbA,tot = 50 nM and 500 nM. We use pKa = 5 (broken lines),
which is the value typical for the carboxyl acid group, and pKa = 7 (solid lines), which
describes the experimental data better. In fact, the deprotonated impurity species dominates
the surface charge of the hydrophobic interface. For impurity concentration cbA,tot = 500 nM
with pKa = 7 the experimental Teflon AF ζ potential data are described quite well.
Figure 5 displays the pKa and pKb values of typical acidic and basic groups that are
present in surfactant molecules.90 The most ubiquitous acids in nature are carboxylic acids
with a bulk pKa around 5,
90 which is in fact equal to the pKa found by fitting a similar
impurity model to hexadecane data.46 The fact that our best fit pKa = 7 is slightly higher
may be specific to the experimental conditions or reflect a shift of the pKa, which in fact is
expected for acidic groups that are close to low-dielectric surfaces.91
The slip effect on the impurity-induced ζ potential is considered in Appendix C. There
we show that using b = z∗(η/ηint − 1) = 2 nm, which is identical to the slip length found
for hydrophobic diamond surfaces in molecular dynamics simulations,87 we cannot obtain a
value for cbA,tot that reproduces the experimental data. Interfacial dielectric effects reduce
the fitted impurity concentration by ∼ 40%, as shown in Appendix D, which is insignificant
in the context of the present study.
Basic surface-active impurities in water
In strongly acidic conditions the experimental data exhibit positive ζ potentials which cannot
be reproduced with acidic impurities and which suggests the additional presence of basic im-
purities. For the surface affinity of the basic impurity species we use the value αBH = −14.5,
which was previously extracted from the experimental surface tension of dodecyldimethy-
lammonium chloride solutions.72 Since the parameters cbA,tot = 500 nM and pKa = 7 for the
acidic impurity species accurately describe the experimental ζ potential data in the pH range
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Figure 4: (a,b) Effects of acidic impurities on the ζ potential as a function of pH for pKa = 7
(solid lines) and for pKa = 5 (broken lines). (c) ζ potential as a function of c
b
A,tot. The
symbols in (a,b) represent the experimental data.6 The parameters are the same as those
used in Fig. 2 and all αi are summarized in table 1.
acetic acid phenol4-nitrophenol ethanol
4.76 7.15 10.0 15.5
methylamine anilinetrimethylamine 4-nitroaniline
3.34 4.20 9.13 13.0
strong weak
Figure 5: Collection of a few pKa and pKb values for typical acidic and basic groups.
90
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Fig. 6 shows the effect of basic impurities on the ζ potential for pKb = 12 (solid lines)
and pKb = 4 (broken lines). Typical bases such as fatty primary amines have pKb values
around 4,90 but such a value leads to neutralization of deprotonated acidic impurities at the
interface and bad agreement with the experimental data, as seen in Fig. 6. We find good
agreement between experiment and theory for a basic impurity concentration cbB,tot = 600 nM
and pKb = 12. The value pKb = 12 indicates a very weak base which is only half protonated
even at a low pH of pH = 2. Figure 5 shows that bases that have such a low pKb do in fact
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Figure 6: The effect of additional basic impurities on the ζ potential as a function of pH. The
symbols represent the experimental ζ potential of Teflon AF,6 whereas the lines depict the
theoretical ζ potential. Impurities with pKb = 4 (strong base, broken lines) and 12 (weak
base, solid lines) are examined. The parameters are the same as those used in Fig. 2 and all
αi are summarized in table 1.
Negatively charged surface-active impurities in KOH
Although the solid lines in Fig. 6 are in good agreement with the experimental data for
most values of the pH, there is still a discrepancy for strongly basic conditions (pH > 8). We
demonstrate next that this small discrepancy can be eliminated by additionally assuming the
presence of an acidic surface-active impurity in KOH. The rationale behind this assumption
is that alkali hydroxides are strongly hygroscopic and cannot be purified by roasting, which
makes it difficult to keep them pure. We implement the presence of impurities in KOH by




OH, where ν is
the ratio of OH− to A− in KOH salts and therefore is a measure of the fraction of impurities
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in KOH. For simplicity, we use the same surface affinity and the same pKa for the impurity
that is present in KOH as for the acidic impurity that is present in water.
Fig. 7 shows the effect of an impurity present in KOH. The broken lines are the same
as the solid lines in Fig. 6, and thus, they are calculated without an impurity in KOH. The
solid lines are calculated in the presence of an impurity in KOH using the impurity fraction
ν = 0.05. From the comparison with the experimental data we see that in the presence
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Figure 7: Effect of an additional impurity present in KOH on the ζ potential. The broken
lines are calculated without an impurity in KOH, whereas the solid lines account for an
impurity in KOH. We use the impurity fraction ν = 0.05 for the ratio of A− to OH− in KOH
salts. The impurity species in KOH has the same pKa value and the same surface affinity
as the acidic impurity present in water. Other parameters are the same as those used in
Fig. 2 and all αi are summarized in table 1. The symbols represent the experimental data
for Teflon AF surfaces.6
Two kinds of acidic impurities in the water
Accurate fits to the experimental data can also be achieved without assuming impurities
in the added KOH, by taking more types of water impurities into account instead. We
consider the effect of a second acidic impurity in water with a different pKa value. Keeping
a basic impurity with cbB,tot = 600 nM and pKb = 12 and the first acidic impurity A
−
1
parameters at cb,totA1 = 500 nM and pKa1 = 7, we introduce a second acidic impurity A
−
2
which is characterized by a bulk concentration cbA2,tot and a value pKa2. The broken lines in
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Figure 8: Effect of the presence of a second acidic impurity on the ζ potential. The broken
lines are predictions without a second acidic impurity species, whereas the solid lines are
predictions in the presence of a second acidic impurity species. Keeping cbA1,tot = 500 nM
, pKa1 = 7, αA1 = −15.6, as well as c
b
B,tot = 600 nM, pKb = 12, αBH = −14.5, we use
cbA2,tot = 2µM, αA2 = −15.6, and pKa2 = 9. Other parameters are the same as those used
in Fig. 2. The symbols represent the experimental data for Teflon AF surfaces.6
acidic impurities with pKa1 = 7 and pKa2 = 9. A fit to the experimental c
b
salt = 0.1 mM data
(red circles) in the basic pH range yields cbA2,tot = 2µM. We see that with a second impurity
we obtain good agreement between theory and experimental data even in basic conditions
and without assuming the presence of impurities in the added KOH.
What is responsible for the negative ζ potential of hydrophobic
surfaces?
In the previous sections, we have demonstrated that water ions and dissolved CO2 cannot
explain the experimentally measured negative ζ potential of hydrophobic surfaces. We then
proceeded to discuss the effects of various impurities on the ζ potential of hydrophobic
surfaces. Our results suggest that the ζ potential of hydrophobic surfaces originates from
surface-active charged impurities that are present in the water and possibly also in the salts
used for adjusting the pH. We show that the experimental data for Teflon AF surfaces
can be reproduced quite well if we assume the presence of acidic impurities (pKa = 7)
with surface affinity αA = −15.6 at a concentration of c
b
A,tot = 500 nM. The agreement
with the experimental data at low pH is improved if we additionally assume the presence
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Figure 9: Comparison between theory and experimental data for (a) hydrogen bubbles,31
(b) octadecane droplets,43 and (c) hexadecane droplets46 in 1mM NaCl solution. Acidic
impurities cbA,tot = 80 nM with pKa = 6 are used for the theoretical modeling in (a) and
cbA,tot = 300 nM with pKa = 5 are used in (b). In (c) acidic impurities at concentration
cbA,tot = 30 nM (broken lines) and 200 nM (solid lines) are used with pKa = 5 (blue) and 7
(black). Basic impurities cbB,tot = 300 nM with pKb = 12 are used in (a). Since the data
do not extend to low pH values we set cbB,tot = 0 nM in (b) and (c). Other parameters are
the same as those used in Fig. 4. Slip effects, interfacial dielectric effects and dissolution of
carbon dioxide are not considered.
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cbB,tot = 600 nM. Since the carbon number of dodecylsulfate is 12, a simple estimate of the
adsorption energy per number of carbons gives −15.6kBT/12 = −1.3kBT . If the carbon
number of the impurity’s alkyl chains increases by 2, the impurity concentration needed to
produce a certain ζ potential reduces approximately by a factor of 10, because e2.6 ≈ 13.
Conversely, if the impurities have shorter alkyl chains the concentration needed to produce a
certain ζ potential becomes larger. Therefore, our estimate for the impurity concentration of
the order of 100 nM is only an example, and it is possible that significantly smaller impurity
concentrations cause the ζ potential of hydrophobic surfaces because we do not know the
chemical nature of the impurity and therefore cannot characterize precisely its surface affinity.
The ultrapure water standard, for example, Milli-Q ultrapure water, prescribes a resis-
tivity of at least 18.2 MΩ·cm and a total organic carbon (TOC) concentration of at most
5µg/L. In terms of concentrations, this conductivity corresponds to approximately 100 nM
of charged impurities while this TOC equals 5µg/L= 420 nM in carbon, and 35 nM in dode-
cylsulfate. That means that ultrapure water already includes impurities at concentrations of
a few tens of nano-molar. In addition, when electrophoretic or electro-osmotic mobilities are
measured, there are several possibilities of how water can be contaminated further, includ-
ing contamination due to storage of water in plastic or glass containers92 or contamination
due to contact with the ambient atmosphere.93 Charged impurities in ultrapure water have
indeed been detected by mass spectrometry and liquid chromatography.92–95
Regarding our extracted pKa and pKb values, the fitted value pKa = 7 is substantially
larger than the literature value of carboxylic acids pKa = 5, which is expected for acidic
groups that are close to low-dielectric surfaces.91 We also note that the experimental isoelec-
tric points extracted from ζ potential measurements vary substantially in the range pH = 1
to 4, depending on the data set.18 In Fig. 9a and b we show a comparison of our model predic-
tions with hydrogen bubble31 and octadecane43 data, respectively. For the hydrogen bubble
data, 80 nM acidic impurities with pKa = 6 and 300 nM basic impurities with pKb = 12
give good agreement. For the octadecane data, 300 nM acidic impurities with pKa = 5 fit
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the data quite well, here basic impurities are not needed to describe the data because the
octadecane data do not extend to small pH values. In Fig. 9c two different hexadecane
droplet data sets46 are compared with theoretical predictions using 30 nM and 200 nM acidic
impurities with pKa = 5 (blue broken and solid lines). The predictions using pKa = 7 (black
broken and solid lines) clearly disagree with the experimental data. In fact, a similar im-
purity model using pKa = 5 was previously shown to describe the experimental data,
46 and
it was suggested that acidic impurities originate from hexadecane because different grades
of purity were used: 99.8 % (hexadecane-1, open squares) and 99 % (hexadecane-2, open
circles). In this scenario, the impurities (presumably fatty acids) dissolve in both the oil and
the water phase. Alternatively, it is possible that hydrophobic surfaces exhibit immobile
ionic impurities. For example, the ζ potential of polymethylmethacrylate (PMMA) particles
is believed to be governed by ionic end-groups of the polymers.96 Summarizing, because it
is likely that different experiments contain different combinations of impurities, the spread
of pKa values is rather plausible.
For the basic impurity, the fitted pKb = 12 corresponds to a very weak base. Since
the most ubiquitous base, ammonium, has a strong basic reaction constant, pKb = 4, this
suggests that the basic impurity is not a derivative of ammonium. Instead, the basic impurity
could be a fatty alcohol,97 an ester,98 an ether,98 or an acid,99 because the oxygen atom in
these molecules is only protonated in strongly acidic conditions. It is known that a dilute
alcohol in water is more basic than water,97,98 for example, isopropanol in 1M sulfuric acid has
a basic reaction constant of pKb = 13.7, which is close to our estimate for the basic impurity
reaction constant.97 In fact, Teflon AF is a copolymer of tetrafluoroethylene (C2F4) and 2,2-
bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole (C5F8O2), and the ratio of the two monomers is
C2F4 : C5F8O2 = 1 : 2.
6 Therefore, many ether bonds (−COC−) exist on the surface, which
in principle could act as a weak base.98 On the other hand, the hydrogen data also suggest
the presence of basic impurities. In fact, hydrogen bubbles are produced by electrolysis of
water,31 which provides a possible source of contamination with basic impurities.
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For the experimentally observed enhancement of the ζ potential at large pH, we propose
two scenarios: a negatively charged impurity present in the salt used to adjust the pH, or a
second acidic impurity with a different pKa value present in the water. Both scenarios are
likely to occur in typical experimental conditions. In practice, impurities that are present
in experiments will presumably consist of many different types of chemicals, and they will
exhibit a spectrum of surface affinities, different bulk concentrations, and different pKa and
pKb values. Even the mass spectrum of ultrapure water shows many peaks,
93,94 the origin of
which are not very clear at present. Monitoring impurity distributions of pure water while
measuring the ζ potential of hydrophobic surfaces at the same time would be highly desirable
in future experiments.
Conclusions
We calculate the ζ potential of hydrophobic surfaces as a function of pH and salt concentra-
tion by solving the Poisson-Boltzmann and hydrodynamic equations including ion adsorp-
tion, where the ionic surface affinities have been extracted independently from surface-tension
data at the air-electrolyte interface. The interface adsorption and repulsion of small inor-
ganic ions such as H3O
+, OH−, HCO−3 , and CO
2−
3 are not sufficient to reproduce the ζ
potential observed in experiments because their affinities for hydrophobic surfaces are small
– of the order of |αi| ≈ 1. The presence of hydrodynamic surface slip also is not sufficient to
produce agreement with experimental ζ potential data. However, when we introduce a small
amount of charged surface-active impurities in the water, we find good agreement between
our calculations and the literature experimental data for Teflon AF surfaces6 if the impurity
acid and basic reaction constants are suitably chosen. Our comparison with experimental
data suggests that the dominant impurity type is a weak acid with pKa = 5 to 7, in order
to reproduce the experimental ζ potentials at very low pH additionally a weak base with
pKb = 12 at concentrations of a few hundred nano-molar is needed.
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We do not know the identity of the impurities, but we presume that at hydrophobic
surfaces, many different types of surface active impurities can be found in addition to water
ions, bicarbonate and carbonate ions. Even though the assumed bulk concentration of the
impurities is only nano-molar, they accumulate at a hydrophobic surface because of their
amphiphilic nature. The experimentally measured ζ potential at hydrophobic surfaces will
reflect the distribution of pKa and pKb values of the impurities. Regarding the origin of
the impurities, we consider different possibilities such as impurities in the water, contamina-
tions from experimental processes, as well as contaminations present in added salts, acids,
bases, gaseous phases, oil phases,46 and on hydrophobic surfaces.96 The variety of possible
contamination sources can easily explain that even in nominally identical systems the ζ po-
tentials exhibit a significant spread as shown in Fig. 1cd. Given the almost undetectably
small amounts of impurities necessary to reproduce the experimentally observed ζ potential
effects, it will be difficult to produce a positive proof that impurities are in fact responsible
for the nonzero ζ potentials of hydrophobic solutes. Our findings thus merely suggest one
possible scenario that explains the ζ potentials of hydrophobic surfaces over a large range of
pH values and salt concentrations. It is crucial to realize, though, that the present theory
is consistent with experimental and theoretical work on electrolyte surface tensions,58 the
Jones-Ray effect,72,73 the disjoining pressure of wetting water films on silica49,74 and experi-
mental investigations of the hydrodynamic boundary conditions at air-water interfaces.75–78
Appendix A: Detailed description of Fig. 1
In Fig. 1 a and b, the colors represent different bulk salt concentrations, whereas the shapes of
the symbols represent different surface types. Filled squares correspond to alumina (γ-Al2O3)
powders with radius R = 45 to 50 nm in KNO3-HNO3-KOH solution and the conversion into
the ζ potential follows Ref. 100.4 The filled circles correspond to titania (TiO2, rutile) pow-
ders with radius R = 45 nm in KNO3-HNO3-KOH solution and the conversion into the ζ
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potential follows Ref. 100.4 The filled triangles correspond to planar fused silica (SiO2) in
KCl solution where acid and base are not specified and streaming current measurements are
used for determining the electro-osmotic mobility (i.e. f = −1).3 The open squares corre-
spond to planar Teflon AF (poly(tetrafluoroethylene-co-2,2-bis(trifluoromethyl)-4,5-difluoro-
1,3-dioxole) ((C2F4)n(C5F8O2)m) in KCl-HCl-KOH solution where streaming current mea-
surements are used for determining the electro-osmotic mobility.6 The open circles corre-
spond to octadecane (C18H38) droplets with radius R = 150 nm in NaCl solution where acid
and base are not specified and f = 1 is used for conversion.43 The open triangles correspond
to hydrogen bubbles with radius R = 10 to 70µm in NaCl-HCl-NaOH solution and f = 1
for conversion.31
In Fig. 1 c and d, the shapes of the symbols represent the different experimental results
on the same materials. The broken lines are guides to the eye. All data in c and d are
measured in NaCl-HCl-NaOH solution. The filled squares correspond to air bubbles with
sub-micrometer diameters in a 10 mM solution and f = 1 for conversion.35 The filled circles
correspond to air bubbles with diameters of a few tens of micrometers and f = 1 for conver-
sion.34 The filled up-pointing triangles correspond to R = 290 nm, where Henry’s function67
is used for conversion.33 The filled down-pointing triangles correspond to R = 5µm and
f for conversion is not specified.26 The open squares and circles correspond to hexadecane
droplets in a 1 mM solution with the diameter 2R = 150− 200 nm and f = 1 for conversion,
whereas the purity of hexadecane is different between squares (99.8%) and circles (99%).46
The open up-pointing triangles correspond to diameters of about 300 nm and f = 1 for
















































































Figure 10: (a) Comparison of experimental and theoretical surface tensions of NaHCO3
and Na2CO3 solutions. The symbols represent the experimental data,
101–103 whereas the
lines are theoretical predictions. The blue and red solid lines are the calculations including
the reactions eqs. 8 and 16-18. The orange and light blue broken lines are the calculation
considering only the reactions Na2CO3 → 2Na
+ + CO2−3 or NaHCO3 → Na
+ + HCO−3 ,
without the reactions eqs. 8 and 16-18. We use T = 298 K, z∗ = 0.5 nm, εint = ε = 78, and
all αi are summarized in table 1. (b) Plot of the reactant concentrations as a function of




Appendix B: Estimate of the surface affinity of carbon-
ate ions to the air interface
In this section we estimate the affinity of carbonate ions to the air-water interface, αCO3,
using experimental surface tension data of Na2CO3 solutions. Because the carbonate ion,
CO2−3 , is divalent, the exact solution of eq. 2 is not available, therefore eq. 2 needs to be
solved numerically. Since the solution of Na2CO3 is basic, we take the dissociation of water
and the reaction of carbonates into account.
Fig. 10a shows the surface tension of Na2CO3 and NaHCO3 solutions as a function of
their bulk concentration. We do not use the experimental data of Na2CO3 taken from Ref.
103 for fitting because they deviate from the other experimental data.101,102 To obtain the
surface affinity of CO2−3 , we calculate the surface tension of Na2CO3 solutions by solving the
chemical equilibrium equations 8 and 16-18 together with conservation of the total carbon
concentration. Here we do not use the reaction eq. 15, because the dissolution of CO2
from the ambient air into the solution is very slow. If we wait for equilibration of the
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reaction described by eq. 15, NaHCO3 and Na2CO3 solutions relax and thereby release CO2.
We also neglect the surface excess of neutral molecules CO2 and H2CO3, even though the
surface excess of these neutral species enter the surface tension difference, because their
bulk concentrations are much smaller than the main cation and anion concentrations in the
bulk. We use ε = 78, T = 298 K, z∗ = 0.5 nm, αNa = 1.2, αH3O = −0.9, αOH = 1.6,
αHCO3 = −0.4.
72 Note that αHCO3 has been obtained by assuming only the dissociation
NaHCO3 → Na
+ + HCO−3 . We obtain αCO3 = 1.4 for the best fit (blue line in Fig. 10a).
When we assume only the reaction Na2CO3 → 2Na
+ + CO2−3 , the result is almost the
same (orange broken line in Fig. 10a), showing that the reactions, eqs. 8 and 16-18 are not
important for the surface tension of Na2CO3 solutions in this concentration range.
The red line in Fig. 10a depicts the theoretical surface tension of a NaHCO3 solution
considering the chemical equilibrium described by equations 8 and 16-18. Here we also
neglect the surface excess of neutral molecules, and we use the same parameters as for the
calculation of the Na2CO3 surface tension. The light blue broken line in Fig. 10a is the
theoretical surface tension of a NaHCO3 solution assuming only NaHCO3 → Na
+ + HCO−3 ,
which is almost the same as the red solid line. The agreement between the two theoretical
lines shows that the surface tension of Na2CO3 and NaHCO3 solution can be predicted by
treating the solutions as strong electrolytes, neglecting the reactions, eqs. 8 and 16-18.
Figs. 10b and c show the bulk ion concentrations due to the chemical equilibrium eqs. 8
and 16-18 for Na2CO3 and NaHCO3 solutions. We find that the dominant ions in Na2CO3
solutions at cbsalt > 10 mM are Na
+ and CO2−3 ions, whereas the dominant ions in NaHCO3
solutions at cbsalt > 10 mM are Na
+ and HCO−3 . These results show that carbonate equilibria
in electrolyte are rather complex.
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Appendix C: Slip effect on the ζ potential caused by
acidic impurities
In this section we examine how slip effects modify the impurity-induced ζ potential. Fig. 11
shows the ζ potential including slip effects in the presence of acidic impurities. The slip
length b = z∗(η/ηint − 1) = 2 nm is identical to the slip length found for hydrophobic
diamond surfaces in molecular dynamics simulations.87 Except for ηint, the parameters are
the same as those used in Fig. 4.
In Fig. 11a (cbA,tot = 50 nM), the effect of the salt concentration on the ζ potential is
suppressed compared to the case without slip, shown in Fig. 4a, meaning that the three
curves for different salt concentration are very similar to each other. When the impurity
concentration is higher (cbA,tot = 500 nM, Fig. 11b), the slip effect is even more drastic
and the order of the absolute ζ potential with respect to the salt concentration is reversed
at basic conditions and thus different from the experimental data and also different from
the prediction without slip in Fig. 4b. To linear order in κz∗, the slip effect modifies the
ζ potential by the factor (1 + κb),81,104 which explains the trends seen in Fig. 11a and b.
Fig. 11c shows the ζ potential at pH = 7 as a function of cbA,tot and demonstrates the reversal
of the salinity dependence for cbA,tot > 100 nM for both pKa = 5 and 7.
Fig. 11 demonstrates that the predicted ζ potential differs from the experimental re-
sults for finite slip, even though hydrophobic surfaces exhibit a finite slip length.77 It is at
present not clear where this discrepancy comes from, possibly the adsorption of impurities
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Figure 11: Slip effect on the ζ potential caused by acidic impurities for ηint/η = 0.2. Other
parameters are the same as those used in Fig. 4. (a,b) ζ potential as a function of pH for
pKa = 7 (solid lines) and for pKa = 5 (broken lines). (c) ζ potential as a function of c
b
A,tot.
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Figure 12: (a) Difference between the ζ potential with and without interfacial dielectric
effects. The presence of impurities and carbon dioxide is not considered, and the parameters
except for εint are the same as those used in Fig. 2. The broken lines are calculated using
εint = ε = 78, and the solid lines are calculated using εint = 4.2. The inset shows a
magnification. (b) ζ potential predicted for an acidic impurity concentration of cbA,tot =
300 nM and pKa = 7, where εint = 4.2 is used and all other parameters are the same as those
used in Fig. 4b. The symbols represent the experimental data for Teflon surfaces AF.6
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Appendix D: Effect of interfacial dielectric constant on
the ζ potential
In this section, we demonstrate that interfacial dielectric effects are not relevant for the ζ
potential of hydrophobic surfaces. Fig. 12a shows the difference between the ζ potential with
and without a modified interfacial dielectric constant. Here we do not consider impurities or
carbon dioxide dissolution, and the parameters except for εint are the same as those used in
Fig. 2. The broken lines are calculated using εint = ε = 78, and the solid lines are calculated
using εint = 4.2, which is an estimate based on the interfacial capacitance of a hydrophobe-
water interface from molecular dynamics simulation.86 The difference between the results
for the two scenarios is very small, we thus conclude that dielectric interfacial effects cannot
explain the experimental ζ potential without the presence of impurities.
Fig. 12b shows the ζ potential predicted in the presence of acidic impurities for cbA,tot =
300 nM and pKa = 7, where εint = 4.2 is used and other parameters are the same as those
used in Fig. 4b. The fitted impurity concentration 300 nM is smaller than 500 nM used in
Fig. 4b, which is caused by the presence of the modified interfacial dielectric constant, but
this difference is not rather marginal.
Acknowledgement
Funding by the Deutsche Forschungsgemeinschaft (DFG) via grant NE810/11 is gratefully
acknowledged. YU was supported by JSPS Overseas Research Fellowships No. 201860001.
References
(1) Israelachvili, J. N. Intermolecular and Surface Forces, 3rd ed.; Elsevier, 2011.
31
(2) Russel, W. B.; Saville, D. A.; Schowalter, W. R. Colloidal Dispersions ; Cambridge
University Press: Cambridge, 1989.
(3) Scales, P. J.; Grieser, F.; Healy, T. W.; White, L. R.; Chan, D. Y. C. Electrokinetics
of the silica-solution interface: a flat plate streaming potential study. Langmuir 1992,
8, 965–974.
(4) Wiese, G. R.; Healy, T. W. Adsorption of Al(III) at the TiO2/H2O Interface. J. Colloid
Int. Sci. 1975, 51, 434–452.
(5) Trefalt, G.; Behrens, S. H.; Borkovec, M. Charge Regulation in the Electrical Double
Layer: Ion Adsorption and Surface Interactions. Langmuir 2016, 32, 380–400.
(6) Zimmermann, R.; Dukhin, S.; Werner, C. Electrokinetic Measurements Reveal Inter-
facial Charge at Polymer Films Caused by Simple Electrolyte Ions. J. Phys. Chem. B
2001, 105, 8544–8549.
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